We conducted on-farm participatory experiments over three years at six villages in the Fakara commune of Western Niger to demonstrate, verify, and evaluate the relevance of soil fertility management methods based on millet/cowpea intercropping. We tested six methods using one of three organic fertilizers (millet husks, manure, or neither) with or without mineral fertilizer and one using millet/hibiscus intercropping with millet husks. We evaluated farmers' preferences by measuring the self-selected proportions of plots that farmers used for each condition. The results demonstrate the effectiveness of millet/cowpea intercropping; the application of mineral fertilizer, manure, and millet husks; and alternating-year application-all of them are affordable for farmers in the Sahel. Both the demonstration and farmerdirected trials made farmers aware of the effects of these methods. Farmers' selection of methods depended on availability. The dissemination of agricultural methods mainly depends on the availability of input materials in the absence of other constraints such as money and accessibility.
INTRODUCTION
Soil fertility in sub-Saharan Africa has traditionally been managed by shifting cultivation [1, 2] . However, population pressure [3] has increased the demand for cropland, leading to a decrease in fallowing [4, 5] , which has consequently reduced crop yields and soil fertility [6, 7] . The benefits of intercropping of cereals and grain legumes [8] [9] [10] and cereal-legume rotations [11, 12] as well as the application of mineral fertilizer [13] , crop residues [3, 14] , manure [15, 16] , and fertilizer combinations [17] have been proven. However, in addition to being available to local farmers [4, 18] , such methods must also be affordable. Factors including poverty and scarcity of resources such as labor or draft power can constrain the dissemination of such methods [19] .
A participatory approach is one way to improve the relevance and adoption of agricultural methods [20] . Participatory research has demonstrably improved the cultivar selection process [21, 22] . In contrast, soil fertility methods are harder to disseminate because of the requirements of land, labor, and cash resources, with few successful models to follow [23] .
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MATERIALS AND METHODS

Site Descriptions
On-farm experiments were conducted from [2007] [2008] [2009] under rainfed conditions in the form of mother-baby trials [24] in six villages (Maourey Kouara Zeno: 13°35.02 N, 2°38.78 E; Katanga: 13°32.29 N, 2°49.43 E; Tchigo Tegui: 13°30.65 N, 2°47.95 E; Yerimadey: 13°28.65 N, 2°42.25 E; Bokkosay: 13°25.13 N, 2°47.27 E; Kodey: 13°23.50 N, 2°49.23 E) of the Fakara commune, Dantiandou district, Tillabéri region, Western Niger, approximately 50 km northeast of Niamey, the capital (Fig. 1 ).
There were 61, 66, 134, 90, 51, and 105 households in Maourey Kouara Zeno, Katanga, Tchigo Tegui, Yerimadey, Bokkosay, and Kodey, respectively. The Zarma, the principal ethnic group in this area, are agriculturalists engaged mainly in rainfed grain production and principally grow millet (Pennisetum glaucum (L.) R.Br.) and cowpea (Vigna unguiculata (L.) Walp.). The prevailing soil type in Fakara is psammentic paleudalfs with a high sand fraction and typical characteristics of an infertile soil [25, 26] . Rain falls from June until September, peaking August, bringing an annual total of approximately 550 mm [25] . From 2001-2007, the annual average rainfall at Kodey was 435 mm. In 2008 and 2009, the annual rainfall was 442 and 516 mm during 38 and 45 days of rain, respectively; the minimum and maximum annual temperatures in 2008 and 2009 were 23°C and 31°C, and 23°C and 36°C, respectively.
Participatory Approach to Experiments, Demonstration, and Practices
Farmers often use mother-baby trials for crop cultivar selection [24] . We used this method to evaluate farmers' selection of millet/cowpea intercrop methods on one or two farms in each village, which were designated mother trial fields (Table 1) .
First, we conducted 1-to 3-day training courses for farmers in each village in March or April 2008-2010. These courses presented the types and effects of organic and mineral fertilizers, micro-dosing of mineral fertilizers [27, 28] , corralling for direct application of manure to fields, differences between traditional and advanced composts, characteristics of improved cowpeas, and the use of intercropping to about 25 farmers (all men) in each village. We subsequently invited the farmers to try the methods of their choice on their own farms; these fields were designated baby trial fields with reference to the mother trials. The results of the mother trials were presented to the farmers on field days held in the mother trial fields in October or November 2008 and 2009. The farmers reviewed the results of the baby trials at meetings in February 2009 and April 2010.
Field Experiment Design
Mother Trials
Seven 20 20-m plots were established in each mother trial field in each village in 2008 ( Table 1) . Six of them received one of six combined fertilizer treatments: three forms of organic fertilizer (millet husks, manure, or neither) with or without mineral fertilizer; a millet ("Haini Tchirey," 120 days to harvest)/cowpea intercrop was grown using a local cowpea landrace. The other plot grew a millet/hibiscus (Hibiscus sabdariffa "Wankoye") intercrop with millet husks. In 2009, the seven plots were each divided into two (9.5 20 m); half of each plot was fertilized as in 2008, and the other half was not fertilized. The millet crops received 9 t/ha cow manure (109.8 kg N/ha) or 6 t/ha millet husks (41.4 kg N/ha). Mineral fertilizer comprised 3 g compound fertilizer (N:P:K = 15:15:15) per hill at sowing and 2 g urea at first weeding (13.7 kg N/ha) applied by using a micro-dosing technique [27, 28] . Although the application dose of nitrogen differed among the organic and inorganic fertilizers, we respected the ways of farmers in this region and thus did not adjust application doses to ensure a standardized amount of The experiments were conducted in a split-plot design with four to six replicates (i.e., one or two per village). Millet was sown at 1.0 1.0 m in June each year, thinned to three plants per hill after 2 weeks, and harvested in October. Cowpea and hibiscus were sown at 1.0 1.0 m between millet hills in July each year and harvested in October. At physiological maturity, millet plants in each plot were harvested and partitioned into ears and stalks. After drying, the ears were threshed, and the total biomass was determined. Cowpea and hibiscus plants were also harvested at physiological maturity and partitioned into fodder and pods. After drying, the pods were threshed. All aboveground crop residues were removed from the plots at the end of each cropping season.
The differences between treatments were determined by ANOVA followed by Student's t-test in JMP version 9.0.0 software (SAS Institute, Cary, NC, USA).
Baby Trials
In 2008, 2009, and 2010, 62 farmers from all six villages, 76 from four villages, and 72 from four villages participated in the baby trials, respectively; they selected an average of 4.1, 4.7, and 4.6 methods, respectively. The plot size for each method was 10 10 m. Sowing, harvesting, and all measurements were performed with reference to the mother trial field in each village.
Farmer Survey
After training and before the baby trials in 2008, we interviewed the attending farmers and gathered information about them, their families, and their farms. After establishing the baby trials, we divided the data between baby trial farmers (baseline data) and non-participating farmers as controls. Fertilizer application was classified as manure, millet husks, mineral fertilizer, corralling, combinations thereof, or other (i.e., house dust, human excrement, and compost).
To gauge the use of mineral fertilizer, we visited a local store in each village in 2008 and interviewed an average of 8.8 farmers who came to purchase mineral fertilizer to gather information about fertilizer use. Additional farmers were interviewed if numbers were low.
Regarding the detailed analysis on farmers' selection of millet husks as well as the relationships among the locations of granaries, threshing floors, and baby trial fields, we selected Kodey as a representative of a typical traditional village in this region; it is moderately isolated from the other villages and is thus not excessively developed. We recorded locations by using a portable GPS receiver (Genie GT-31, Locosys, Taipei, Taiwan) in 2008.
RESULTS
Mother Trials
When fertilizer treatments were applied in Years 1 and 2, relative to millet/hibiscus intercropping, millet/cowpea intercropping increased millet biomass by 57% (P < 0.10) and millet yield by 73% (P < 0.10) in Year 2 but decreased cowpea yield by 78% (P < 0.001) in Year 1 ( Table 2) . When treatments were applied in Year 1 only, the trends were similar but not significant. When fertilizer treatments were applied in Years 1 and 2, relative to the control, manure application increased total, millet, and cowpea or hibiscus biomass by 170-267% (P < 0.001), 212-284% (P < 0.001), and 101%-105% (n.s. to P < 0.05), respectively, and millet yield by 236-438% (P < 0.01) ( Table 3) . Millet husks increased total, millet, and cowpea or hibiscus biomass by 52-125% (n.s. to P < 0.001), 59-122% (n.s.-P < 0.001), and 42-157% (n.s.), respectively, and millet yield by 26-184% (n.s.). Mineral fertilizer increased total and millet biomass by 84-98% (n.s. to P < 0.001) and 109-113% (n.s. to P < 0.001), respectively.
When fertilizer treatments were applied in Year 1 only, manure increased total biomass by 241% (P < 0.001), millet biomass by 273% (P < 0.01), and millet yield by 273% (P < 0.001). Millet husks increased total biomass by 85%, millet biomass by 98%, and millet yield by 50%, although the differences were not significant.
Baby Trials
When fertilizer treatments were applied in Years 1 and 2, manure increased total and millet biomass by 57% (P < 0.001) and millet yield by 38-157% (n.s. to P < 0.001, Table 4 ). Mineral fertilizer increased total and millet biomass by 112% (P < 0.001) and millet yield by 49-262% (n.s. to P < 0.001).
When applied in Year 1 only, manure increased total biomass by 104% (P < 0.001), millet biomass by 86% (P < 0.001), cowpea biomass by 181% (P < 0.001), and millet yield by 72-100% (n.s. to P < 0.001).
Millet husks increased total biomass by 71% (P < 0.001), millet biomass by 42% (n.s.), cowpea biomass by 188% (P < 0.001), millet yield by 48% (n.s.), and cowpea yield by 81% (n.s.). Mineral fertilizer increased total biomass by 84% (P < 0.001), cowpea biomass by 262% (P < 0.001), millet yield by 26-126% (n.s. to P < 0.01), and cowpea yield by 39-106% (n.s. to P < 0.01).
Characteristics of Baby Trial and Control Farmers
There were no significant differences between baby trial and control farmers with respect to age, number of family members, group membership, livestock holdings, or building ownership ( Table 5) . Baby trial and control farmers had a mean of 3.1 and 4.9 fields, respectively, and grew a mean of 1.8 and 1.1 crops per field, respectively.
Baby trial and control farmers applied a mean of 1.9 and 0.9 types of fertilizers per field, respectively.
Selection of Methods by Baby Trial Farmers
Farmers' crop selections in Year 1 were mostly similar to their baseline preferences, except that they significantly increased millet planting and decreased planting of groundnut monocrops and other crops ( Table 6 ).
Other crops included maize, sorghum, and hibiscus monocrops as well as combinations of okra and other vegetables, groundnut/bambara bean/okra, and bambara bean/sesame. Relative to initial planting, the proportion of millet monocrops increased by 361% (P < 0.01) in Year 1, decreased slightly in Year 2, and fell below the control and baseline levels in Year 3. The proportions of groundnut monocrops and others decreased to almost zero in Year 1 and remained lower than the controls.
The proportion of land planted with millet/cowpea eventually exceeded the control by 170% (P < 0.001) in Year 3 ( Table 6 ). In contrast, the proportion of land planted with millet/hibiscus fell in Years 1 and 2 (P < 0.05).
Farmers' selections of fertilizer between baseline preferences and Year 1 were similar, except that they abandoned others + mineral fertilizer and increased the use of mineral fertilizer alone by 271% (P < 0.001) to the same level as the control. However, their use of mineral fertilizer alone subsequently returned to baseline in Years 2 and 3 ( Table 7) . Mineral fertilizer was applied to 65.8% of control fields but 49.4% of baby trial fields. Among baby trial farmers, the use of others + mineral fertilizer decreased from 15.4% initially to 0%, which was not significantly different from the control.
In parallel with the large increase in the use of a single application of mineral fertilizer by baby trial farmers in Year 1 followed by a return to baseline in Years 2 and 3, the use of corralling alone, manure alone, and millet husks alone increased, although only the latter increased significantly ( Table 7) . In contrast, the use of manure + millet husks + mineral fertilizer decreased to below the control level, and the use of corralling + manure + mineral fertilizer remained below the control level (both P < 0.05). The use of cow dung (i.e., manure + corralling) decreased slightly in Year 1 (31.6%) relative to both baseline (40.4%) and control (42.6%) levels, and subsequently increased in Year 2 (50.8%) and Year 3 (51.9%). Relative to baseline, the use of millet husks increased by up to 1943% to about double the control level.
The use of three or more fertilizers was rare in the baby trials ( Table 7) . The percentage of "Applied in Year 1" was significantly greater in Year 3 than those in the baseline and the control ( Table 7) .
DISCUSSION AND CONCLUSION
The differences in crop selection between baseline preferences and Year 1 ( Table 6 ) might be explained by the farmers' greater focus on soil fertility management by fertilizer application than by intercropping with legumes; in particular, they may have selected millet monocropping to determine the effect of fertilizer application more simply.
However, the proportion of millet monocropping decreased from Year 2, while millet/cowpea intercropping increased. We suppose that the farmers became aware of the greater effectiveness of millet/cowpea than millet/hibiscus intercropping on the basis of the results of the mother trials (Table 2).
The proportion of land planted with millet/cowpea eventually exceeded that of the control by 170% (P < 0.001) in Year 3 ( Table 6 ). In contrast, that of millet/hibiscus fell in Years 1 and 2 (P < 0.05). These trends can be explained according to the results of the mother trials: millet/cowpea gave a better millet yield than millet/hibiscus ( Table 2) . Therefore, the baby trial farmers focused more on millet/cowpea.
The baby trial and control farmers had a mean of 3.1 and 4.9 fields, and grew 1.8 and 1.1 crops per field, respectively ( Table 5 ). The baseline preferences of baby trial farmers were largely similar to those of the control farmers, except that they grew less sesame and more other crops ( Table 6) . These results suggest the baby trial farmers had greater crop diversity per field than the control farmers.
Our survey of farmers who visited a local store to buy mineral fertilizer revealed that 42% of farmers were using mineral fertilizer for the first time and that experienced farmers had been using it for an average of 4 years. Almost all farmers (94%) mixed fertilizer with crop seeds, and all applied it at sowing; 71% learned about application methods such as micro-dosing through our training. All farmers applied mineral fertilizer to millet, 40% applied it to cowpea, and 85% expected higher yields. For 91% of farmers, insufficient money was the main constraint on mineral fertilizer use. Half (53%) intended to keep using mineral fertilizers, and 43% wanted to expand their use. The survey results indicate the application of mineral fertilizer is relatively new to farmers in Fakara meaning that they do not know how to best apply it. Therefore, the baby trial farmers might have opted for a single application of mineral fertilizer in their trials to test it. Ease of handling of mineral fertilizer was another factor in its favorability. On the other hand, the control farmers were familiar with mineral fertilizer, applying it on its own and in combinations to 41.8% and 65.8% of their fields, respectively. All control farmers used mineral fertilizer, while 10-19% of baby trial farmers did not use it (P < 0.01).
Among baby trial farmers, the use of others + mineral fertilizer decreased from 15.4% initially to 0%, which was not significantly different from the control farmers ( Table 7) . The baby trial and control farmers applied an average of 1.9 and 0.9 fertilizers per field, respectively (Table 5) . Thus, the baby trial farmers appear to have favored a broader range of fertilizers than the control farmers.
The effects of the application of manure and millet husks were clear in both the mother and baby trials (Tables 3, 4) . The results suggest that through observation and experience, the farmers changed their minds and selected manure and millet husks over single applications of mineral fertilizer. This decision is likely related to availability. All baby trial farmers grew millet, and 82.7% had access to a granary (Table 5) where the women thresh the millet and discard the husks. The baby trial fields, threshing floors, and granaries are all close to the village center (Fig. 2) . This trend could be observed in the other villages in this region (personal communication). In addition, 48.1% and 69.9% of farmers have cows (8.3 on average) and other livestock (5.7 on average), which supply manure ( Table 5 ). In contrast, farmers can afford to buy only a mean of 4.7 kg mineral fertilizer, which covers <0.1 ha by micro-dosing. This reflects the finding that 89% of farmers (n = 73) responded that money is the biggest limitation for the introduction of new technologies and methods.
Three or more fertilizers were rarely used in the baby trials ( Table 7) ; although the farmers are familiar with combined fertilizer use, they likely wanted to identify the individual effect of each fertilizer.
The percentage of "Applied in Year 1" was significantly greater in Year 3 than those at baseline and the controls (Table 7). This reflects the results of both the mother and baby trials (Tables 3, 4) . Moreover, this result indicates that farmers can be led to prefer a single application of fertilizer as long as the effect of the fertilizer lasts or application on alternating years.
The three major conclusions of the present study are as follows: (1) methods such as millet/cowpea intercropping; the application of mineral fertilizer, manure, and millet husks; and application in alternating years are affordable to farmers in the Sahel; (2) farmers become aware of the effects of technologies and methods through observation and experience; (3) the dissemination of technologies and methods mainly depends on the availability of inputs (e.g., crop residues, manure, seeds) in the absence of other constraints such as money and accessibility. Thus, an on-farm participatory evaluation system must be established and encouraged to confirm the long-term affordability of soil fertility management technologies and methods in the Sahel. 
